The employment of aftertreatment systems in modern diesel engines has become indispensable to meet the stringent emissions regulations. However, a minimum exhaust gas temperature of approximately 200°C must be reached to initiate the emissions control operations. Low-load engine operations usually result in relatively low exhaust gas temperature, which lead to reduced or no exhaust emissions conversion. In this context, this study investigated the use of different combustion control strategies to explore the trade-off between exhaust gas temperature, fuel efficiency, and exhaust emissions. The experiments were performed on a single-cylinder heavy-duty diesel engine at a light load of 2.2 bar indicated mean effective pressure. Strategies including the late intake valve closing timing, intake throttling, late injection timing (T inj ), lower injection pressure (P inj ), and internal exhaust gas recirculation and external exhaust gas recirculation were investigated. The results showed that the use of external exhaust gas recirculation and lower P inj was not effective in increasing exhaust gas temperature. Although the use of late T inj could result in higher exhaust gas temperature, the delayed combustion phase led to the highest fuel efficiency penalty. Intake throttling and internal exhaust gas recirculation allowed for an increase in exhaust gas temperature at the expense of higher fuel consumption. In comparison, late intake valve closure strategy achieved the best trade-off between exhaust gas temperature and net indicated specific fuel consumption, increasing the exhaust gas temperature by 52°C and the fuel consumption penalty by 5.3% while reducing nitrogen oxide and soot emissions simultaneously. When the intake valve closing timing was delayed to after 2107 crank angle degree after top dead centre, however, the combustion efficiency deteriorated and the HC and CO emissions were significantly increased. This could be overcome by combining internal exhaust gas recirculation with late intake valve closure to increase the in-cylinder combustion temperature for a more complete combustion. The results demonstrated that the 'late intake valve closure + internal exhaust gas recirculation' strategy can be the most effective means, increasing the exhaust gas temperature by 62°C with 4.6% fuel consumption penalty. Meanwhile, maintaining high combustion efficiency as well as low HC and CO emissions of diesel engines.
Introduction
Increasingly stringent emissions regulations and fuel prices are driving the development of more efficient internal combustion engines. Diffusion combustion enables conventional diesel engines to operate at a high compression ratio and high thermal efficiency and produce high torque, making diesel engine the dominant powertrain in heavy-duty (HD) vehicles. However, diesel engines face great challenge when it comes to emissions. The mixing-controlled diesel combustion produces a large amount of particulate matter (PM) in the fuel-rich burning region and high concentration of nitrogen oxide (NOx) in the high-temperature zones. 1 of 0.4 g/kW h NOx and 0.010 g/kW h PM, 2 significant reduction in these pollutants by in-cylinder combustion technologies and emission control aftertreatment systems is required.
Advanced combustion modes such as homogeneous charge compression ignition (HCCI), premixed charge compression ignition (PCCI), and low-temperature combustion (LTC) are able to achieve a reduction in NOx and soot simultaneously, through reducing the peak in-cylinder combustion temperatures and the local equivalence ratios. However, it is still challenging to meet the emission regulations at all operating conditions using these combustion modes and strategies without using aftertreatment systems. In addition, LTC modes generally lead to a significant increase in carbon monoxide (CO) and hydrocarbon (HC) emissions. [3] [4] [5] Therefore, it is important to couple complex aftertreatment systems with the diesel engine, in an effort to meet the tailpipe emission standards. Typical aftertreatment systems including selective catalytic reduction (SCR), diesel particulate filter (DPF), and diesel oxidation catalyst (DOC) allow for NOx, PM, and CO and HC emissions reduction accordingly. The conversion efficiency of these aftertreatment systems is strongly dependent on the exhaust gas temperature (EGT). A minimum EGT of approximately 200°C is required for catalyst light-off and to initiate the emissions control. 6, 7 This is extremely challenging at low-load conditions when the EGT is too low to provide sufficient emissions reduction. 8, 9 Therefore, a suitable control strategy to raise EGT while maintaining high engine efficiency at lower loads is significantly important.
In modern diesel engines, advanced technologies, such as high injection pressure, two-stage turbocharger, and multiple fuel injection strategy, have been developed to increase the engine thermal efficiency which is typically accompanied with a decrease in EGT. 10 For this reason, a number of recent studies have explored various techniques to increase EGT. These strategies can be basically divided into three main categories.
The first strategy is by means of air management, which controls the conditions of charge air to increase EGTs, such as intake temperature, pressure, and its composition. As the low exhaust temperature at low loads is caused by the higher excess of air, the intake air throttling can be applied to reduce the amount of air for exhaust gas management. Mayer et al. 11 showed that a significant increase in EGT was achieved by throttling the air intake in a turbocharged diesel engine, but with higher NOx emission and combustion noise due to the higher combustion temperature and the rate of heat release, respectively. Honardar et al. 12 also analysed the impact of intake throttling on EGT at 2 bar brake mean effective pressure (BMEP) under both warm and cold engine operating conditions. An increase in EGTs could be obtained at the expense of higher HC and CO emissions as well as fuel consumption due to a worse combustion efficiency.
The second strategy for the effective exhaust thermal management is controlling the mixture formation by adapting fuel injection parameters, such as main injection timing, post injection, and injection pressure. Honardar et al. 12 experimentally examined the impacts of retarded main injection timing and post injection on EGTs at low-load conditions. Both strategies were capable of achieving higher EGTs at the cost of higher fuel consumption due to incomplete combustion and lower expansion work. Different fuel injection strategies were explored to raise the EGT for active regeneration of DPF by Parks et al. 13 This experiment was performed at a four-cylinder diesel engine with two different starting DPF temperatures of 150°C and 300°C. Cavina et al. 14 analysed the combined effect of air and fuel paths for thermal management by varying injection timings and variable geometry turbine (VGT) position. It was found that a significant increase in EGT was achieved by retarding injection timing while the resultant fuel penalty could be compensated by changing the VGT position.
The last strategy for increasing the EGT is using external heating measures. Dosing liquid fuel or HC directly in the exhaust line upstream of the DOC device 15, 16 and using electrically heated catalyst 17, 18 have been used for exhaust thermal management. However, the cost and complexity of the electrically heated catalyst limited their use in large volumes. Variable valve actuation (VVA) offers an alternative approach to increasing the EGT as well as a number of other benefits. Ratzberger et al. 19 carried out an experimental and numerical study to evaluate the ability of an early exhaust valve opening (EEVO) and a late intake valve closing (LIVC) for exhaust thermal management. An increase in EGT was realized by LIVC; however, the dropped pressure and temperature at the start of combustion led to poor combustion stability and problematic unburnt HC emission. The results also showed that EEVO enabled a distinct increase in exhaust enthalpy at the expense of higher fuel consumption.
Garg et al. 20 investigated the influence of cylinder throttling with early intake valve closing and LIVC timings. The results showed that both delaying and advancing IVC reduced the volumetric efficiency, resulting in a reduction in in-cylinder air mass flow. This contributed to an increase in EGT. The reduction in piston motion-induced compression resulted in a lower in-cylinder gas temperature and higher degree of premixed combustion, which simultaneously curb NOx and soot formations. Ding et al. 21 evaluated cylinder deactivation during both loaded and lightly loaded idle conditions and concluded that cylinder deactivation improved exhaust thermal management. The higher EGT and lower unburnt HC and CO were attained at low-load conditions by introducing internal exhaust gas recirculation (iEGR) with higher exhaust back pressures. [22] [23] [24] Other research into the use of a VVA to improve exhaust thermal management can be found in literatures. [25] [26] [27] The focus of this work is the exploration and direct comparison of different strategies for EGT management and the trade-off with fuel efficiency and emissions. Conventional strategies regarding air and fuel paths such as retarded injection timings, lower diesel injection pressures, intake throttling, as well as external EGR (eEGR), will be investigated here as the baseline results and for comparison with VVA strategies including LIVC and iEGR. The experimental study was carried out in a single-cylinder HD common rail fuel injection diesel engine equipped with an intake VVA system. The investigation was conducted at a speed of 1150 r/min and 2.2 bar net indicated mean effective pressure (IMEP) within the area of World Harmonized Stationary Cycle (WHSC) test cycle. 28 The influence of various strategies on the engine combustion, performance, and emissions was analysed and compared.
Experimental setup and methodology

Experimental setup
The work was conducted on a single-cylinder fourstroke HD diesel research engine equipped with a common rail injection system and coupled to an eddy current dynamometer. The specifications of the engine are given in Table 1 , and the schematic of the experimental setup is illustrated in Figure 1 .
Intake and exhaust systems. Overhead camshafts were installed on the cylinder head. The intake camshaft of the engine was equipped with a hydraulic lost motion VVA system, in which a hydraulic tappet on the valve side of the rocker arm is incorporated to realize the required valve events such as LIVC and intake valve reopening. Two large damping chambers were installed in the intake and exhaust systems to damp out the strong pressure fluctuations in the intake and exhaust manifolds resulted from the gas exchange dynamics of the engine. The compressed air flow was supplied by an external supercharger with closed-loop control. The intake mass flow rate was measured by a thermal mass flow meter. The intake manifold pressure was fine adjusted by means of an electronic intake throttle valve. Two piezo-resistive pressure transducers were installed to measure the instantaneous intake and exhaust ports' pressures. The exhaust back pressure was independently controlled through a butterfly valve located downstream of the exhaust surge tank. eEGR flow was achieved via an electronic EGR valve. When the desired EGR rate could not be reached through using the electronic EGR valve alone, higher exhaust back pressure was used to increase the EGR rate. Engine coolant and lubrication oil were supplied externally and their temperature was controlled via heaters and coolers.
Fuel delivery system. In the test bench, the diesel fuel was supplied by an electric motor-driven high-pressure pump to a common rail system at pressure up to 2200 bar and injected by a solenoid injector. The fuel consumption was measured by two Coriolis flow meters. One was used for measuring the total fuel supplied while the other one was used for measuring the fuel return from the high-pressure pump and injector. A bespoke electronic control unit (ECU) was used to control fuel injection parameters such as the injection pressure, injection timing, and the number of injection pulses.
Exhaust measurement. The gaseous exhaust emissions such as NOx, CO, CO 2 , and HC were measured by an emission analyser (Horiba MEXA-7170 DEGR). With the use of the analyser system, gases including CO and CO 2 were measured through a non-dispersive infrared absorption (NDIR) analyser, HC was measured by a flame ionization detector (FID), and NOx was measured by a chemiluminescence detector (CLD). To allow for high-pressure sampling and avoid condensation, a high-pressure sampling module and a heated line were used between the exhaust sampling point and the emission analyser. The smoke concentration was measured downstream of the back pressure valve by an AVL 415SE Smoke Meter and thereafter converted from filter smoke number (FSN) to milligram per cubic metre. 29 All the exhaust gas components were converted to net indicated specific gas emissions according to the United Nations. 2 In this study, the definition of the EGR rate was defined as the ratio of the measured CO 2 concentration in the intake surge tank to the CO 2 concentration in the exhaust manifold as
where the (CO 2 %) intake and (CO 2 %) exhaust are the CO 2 concentration in the intake and exhaust manifolds, respectively.
Experiment data processing. A piezo-electric pressure transducer with the sampling revolution of 0.5°crank angle degree (CAD) was mounted in the cylinder for measuring the instantaneous in-cylinder pressure recorded by an AVL Amplifier. The in-cylinder pressure data were averaged over 200 engine cycles and used to calculate the apparent heat release rate (HRR) and combustion characteristics. According to Heywood, 30 the apparent HRR was calculated as
V dp dt ð2Þ
where g is defined as the ratio of specific heats; V and p are the in-cylinder volume and pressure, respectively; t is the time.
In this study, the CA10 and CA50 (combustion phasing) were defined as the crank angle when the mass fraction burned reached 10% and 50%, respectively. Ignition delay was defined as the crank angle between the start of injection and the start of combustion. The combustion stability was measured by the coefficient of variation in the net IMEP (COV_IMEP) over the sampled cycles. A displacement sensor mounted on the top of the intake valve spring retainer was used to record the intake valve lift continuously.
Methodology
The study was carried out at a light load of 2.2 bar IMEP, which represents one of typical low EGTs' operating conditions of a HD drive cycle and is located within the area of the WHSC test cycle, as shown in Figure 2 .
During the test, the coolant and oil temperatures were kept within at 80°C 6 2°C and oil pressure was maintained within 4.0 6 0.1 bar. The average pressure rise rate and COV_IMEP were limited to below 20 bar/ CAD and 5%, respectively. The intake valve opening (IVO) and IVC timings of baseline case were set at 367 and 545 CAD after top dead centre (ATDC) while the exhaust valve timings were fixed over the experiments. The VVA system also enables a second opening event of intake valve (2IVO) during the exhaust stroke to trap residual gas. The maximum lifts of intake valve and 2IVO event were 14 and 2 mm, respectively. Figure 3 shows the intake and exhaust valve profiles for the baseline as well as the late IVC strategy and 2IVO event. All valve opening and closing events in this study were considered at 1 mm valve lift. In addition, the pressurebased effective compression ratio (ECR) was defined as where V tdc is the in-cylinder volume at TDC position, and V ivc_eff is the effective in-cylinder volume where the in-cylinder gas pressure is equivalent to the intake manifold pressure, rather than the in-cylinder volume at IVC. 31 In addition, the mean in-cylinder gas temperature (T m ) was calculated using the ideal gas state equation
where P and V are the in-cylinder pressure and volume, respectively; m is the mass of charge and R is the specific gas constant.
Results and discussion
The experimental results were divided into three sections. In the first section, the impact of different control strategies to increasing EGTs, such as LIVC, intake throttling, late injection timing, lower injection pressure, iEGR, and eEGR, is presented and analysed. This is followed by an analysis and comparison of the most effective strategies from the first section. Finally, the combined LIVC with iEGR strategy is investigated for its potential to overcome the negative effect of LIVC strategy on CO and HC emissions.
Evaluation of the effectiveness of various strategies for increasing EGT
In this part, different strategies are explored with respect to their capability to increase EGTs and impact on the relative fuel efficiency penalty, from which the efficient EGT control strategies are selected for further analysis. Table 2 summarizes the engine operating conditions and the matrix of test cases of all strategies. Figure 4 shows an overview of the variations in fuel consumption versus EGTs when different control strategies were applied. The variation value in both net indicated specific fuel consumption (ISFC) and EGT is defined as the difference between the other test cases and the baseline operation depicted in Table 2 . It illustrated that EGTs can be effectively increased by LIVC, intake throttling, or iEGR but much less affected by the injection pressure and eEGR rate. By delaying combustion phase through the late injection timings, higher EGT was observed but with highest fuel efficiency penalty. These behaviours were supported by Bai et al. 9 carrying out an experimental study at medium and low loads to investigating the effects of injection advance angle and injection pressure on exhaust thermal management. Therefore, strategies including late injection timings, lower injection pressures, and increased eEGR rates have been excluded from further analysis in the next section.
Comparison of the LIVC, intake throttling, and iEGR strategies
In this section, the three effective EGT control strategies of LIVC, intake throttling, and iEGR are further analysed and compared to the baseline case. As shown in Figure 3 and Table 2 , the original valve lift profile was used in a baseline case and the corresponding IVC timing was 2178 CAD ATDC. The intake manifold air pressure and exhaust back pressure were set to 1.15 and 1.20 bar, respectively. The LIVC strategy was run with four different intake valve closure timings from 2178 CAD to 2100 CAD ATDC. For the intake throttling strategy, the intake air pressure was gradually reduced from 1.15 to 0.98 bar while keeping the exhaust pressure constant at 1.20 bar. In the case of iEGR strategy, the intake air pressure was set at 1.15 bar while the exhaust back pressures of 1.27, 1.33, and 1.42 bar were performed using the exhaust back pressure valve to trap higher fraction of the residual exhaust gas.
The effect of LIVC, intake throttling, and iEGR strategies on combustion process. Figure 5 shows the in-cylinder pressures of the baseline, Cases 2 and 5 of the LIVC, Cases 6 and 8 of the intake throttling, and Cases 9 and 12 of the iEGR strategies. It can be seen that both LIVC and intake throttling strategies reduced in-cylinder pressures due to the lower ECR and reduced intake air pressure, respectively, especially at Case 5 of LIVC strategy and Case 8 of intake throttling strategy. The use of iEGR strategy via 2IVO event showed less impact on the incylinder pressure, even with higher exhaust back pressure of 1.42 bar in Case 12. This behaviour was the result of the hot residuals trapped, which increased the in-cylinder gas temperature and hence the compression pressure and temperature. The hot residuals also accelerated the fuel evaporation and combustion process, resulting in a similar in-cylinder pressure curve to that of the baseline case. Figure 6 shows the HRR of the baseline case, Cases 2 and 5 of the LIVC, Cases 6 and 8 of the intake throttling, and Cases 9 and 12 of the iEGR strategies. The LIVC strategy was characterized by longer ignition delay and higher degree of premixed combustion. The highest peak HRR was obtained in Case 2 of the LIVC strategy, but it declined to the same level of the baseline case when delaying IVC timing to Case 5. This was because the lower in-cylinder temperature and pressure allowed more time for mixture preparation before autoignition, and hence higher degree of premixed combustion. The longer ignition delay in Case 5 of the LIVC strategy shifted the combustion process further away from TDC, resulting in lower burned gas temperature and peak HRR. In comparison, the peak HRR increased greatly as the intake throttling strategy was used from Case 6 to Case 8. This was a result of the reduced in-cylinder charge density caused by the lower intake air pressure, resulting in a higher peak mean in-cylinder gas temperature, as shown in the next section. Thus, the combustion rate was accelerated with hotter combustion process. 24 In contrast to the LIVC and intake throttling strategies, the use of iEGR strategy decreased the peak HRR, in particular in Case 12 with higher fraction of the residuals gas. The reason could be explained by the higher in-cylinder charge temperature resulted from the hot residuals. This reduced the ignition delay and caused the combustion happened earlier than a baseline case. Figure 7 shows the in-cylinder charge temperatures (T m ) calculated by the ideal gas state equation. It can be seen that the compression temperature was reduced using LIVC strategy due to lower ECR. However, it increased with iEGR strategy due to the hot residuals. The highest T m was achieved in Case 12 of the iEGR strategy due to higher fraction of residuals gas.
In the case of the intake throttling, the peak T m increased as the intake air pressure was reduced via intake throttling, although the compression temperature is similar to that of the baseline case. For the LIVC strategy, however, the peak T m increased initially with Case 2 of the LIVC strategy, but dropped as IVC timings were further retarded to Case 5 due to the aggressively reduced compression temperature and pressure and later combustion process.
The effect of LIVC, intake throttling, and iEGR strategies on combustion characteristics. Figure 8 shows log P-V diagrams of the baseline case, Case 5 of the LIVC strategy, Case 8 of the intake throttling strategy, and Case 12 of the iEGR strategy at the same injection timing and injection pressure. There was a very small difference in the pumping loop area between the baseline case and LIVC strategy as the intake and exhaust pressures were maintained. However, the iEGR and intake throttling operations were characterized with significantly increased pumping loop areas due to the higher exhaust back pressure and lower intake manifold pressure, respectively. Figure 9 shows the combustion characteristics of different strategies versus the variation in EGTs. For the LIVC strategy, the reduced ECR increased the ignition delay and lead to the shortest combustion duration. The iEGR strategy was characterized with the shortest ignition delay due to the charge heating effect of the hot residual gas but slowed down the initial HRR and longer combustion period because of the dilution effect of residual gas. Finally, due to the reduced air mass, the intake throttling strategy led to fastest initial combustion as measured by CA10-CA50 (combustion duration) and slightly shorter combustion duration than the iEGR operation.
The effect of LIVC, intake throttling, and iEGR strategies on engine performance and emissions. It is known that the EGT is mainly determined by the total in-cylinder charge which can be ascertained by the measured excess air ratio (lambda) in the exhaust. Figure 10 shows the lambda of different strategies versus the variation in EGTs for the four cases. It can be seen that the EGT increased linearly with a decrease in lambda as reported by Garg et al. 20 irrespective of the strategy used. The slight deviation of the iEGR operation in the lambda value can be explained by the dilution effect of residual gas. Figure 11 shows the combustion efficiency, pumping mean effective pressure (PMEP), and variation in fuel consumption of different strategies. The combustion efficiency dropped significantly as the IVC timing was delayed from 2178 to 2100 CAD ATDC due to the lower compression pressure and the retarded combustion timing, causing the work loss during the combustion stroke. Higher PMEP was found in the strategies of intake throttling and iEGR, which can be explained by the larger pumping loop area in the log P-V diagram as shown in Figure 8 , and hence higher fuel consumption. The changes in fuel consumption of LIVC strategy were different from the others. The fuel consumption increased slightly with the retarded LIVC due to the higher degree of premixed combustion and shorter combustion duration. But as the IVC timing was further retarded, the fuel consumption went up more rapidly because of the poor combustion efficiency. To increase the EGT by 52°C, the LIVC and iEGR strategies were accompanied by 5.3% and 17% penalties in ISFC, respectively. Figure 12 shows the engine-out emissions versus the variation in EGTs. Net indicated specific emissions of NOx, soot, CO, and unburnt HC are given by ISNOx, ISSoot, ISCO, and ISHC, respectively. The use of intake throttling and iEGR strategies had less impact on CO and HC emissions, maintaining as low as the baseline case. However, significant increases in CO and HC emissions were observed in the operation of LIVC strategy when the combustion temperature was much lower because of the lower compression ratio. This was because the CO and HC emissions are mainly affected by the local oxygen availability during combustion and the combustion temperature. The increased combustion temperature by means of intake throttling and iEGR strategies contributed to the low levels of CO and HC emissions.
The change in soot emissions showed a strong correlation with the variation in the ignition delay. The soot emissions decreased in both LIVC and intake throttling strategies because of the prolonged ignition delay, and it increased by iEGR due to the shorten ignition delay. The NOx emissions demonstrated a different trend from that of soot emissions. With the intake throttling, NOx emission increased due to the higher combustion temperature but decreased by iEGR due to the dilution and higher heat capacity of residual gas.
Interestingly, the NOx emission did not change linearly with LIVC strategy. It increased initially due to higher combustion temperature caused by the reduced charge mass and then decreased when the IVC timing was delayed to beyond 2118 CAD ATDC when the combustion took place later and experienced lower combustion temperature and pressure.
Combined effects of LIVC and iEGR
According to the discussion and analysis in the above section, the LIVC strategy has been demonstrated as an enabling technology for efficient increase in EGTs while maintaining reasonable fuel consumption penalty compared to others. However, a significant increase in CO and HC emissions limits the potential of LIVC strategy. iEGR, as analysed in the previous section, was an effective means in curbing CO and HC emissions. Therefore, the iEGR strategy was introduced when operating with LIVC strategy to offset the negative effects of LIVC on CO and HC emissions. Figure 13 shows that the addition of iEGR to the LIVC operation advanced the combustion timing and increased the peak HRR because the in-cylinder gas temperature was increased by the presence of hot residual gas, as shown in Figure 14 . Both 'LIVC-only' and 'LIVC + iEGR' operations were characterized with much lower cylinder pressure than the baseline operation.
As shown in Figure 15 , the ignition delay is slightly reduced when combining LIVC with iEGR due to the advanced combustion phasing. The combustion duration of 'LIVC + iEGR' strategy was longer initially and then reduced to a similar level of 'LIVC-only' strategy when the IVC timing was further delayed. Figure 16 shows that the relationship between lambda and EGT was the same for 'LIVC-only' strategy and 'LIVC + iEGR' strategy. The lambda was maintained at a similar level when achieving the same variation in EGT using LIVC strategies with and without iEGR. Compared to 'LIVC-only' strategy, the combustion efficiency was clearly improved in 'LIVC + iEGR' strategy due to the increased combustion temperature. The higher fuel efficiency penalty of the 'LIVC + iEGR' strategy with small EGT variation was due to the longer combustion duration. With further delayed IVC timings, the combustion efficiency became higher and reduced the fuel consumption penalty. It is noted that an increase in EGT more than 62°C was obtained with only 4.6% fuel penalty when operating LIVC with iEGR strategy.
As shown in Figure 17 , the introduction of iEGR reduced both CO and HC emissions, especially when large EGT increase was needed. This was mainly due to the higher in-cylinder combustion temperature, which helped the oxidation of CO and HC emissions. As it did not change the ignition delay clearly, the iEGR had little impact on soot emission. The dilution and higher heat capacity effects of iEGR caused the lower NOx emissions of 'LIVC + iEGR' than those of 'LIVC-only' in most cases, other than the highest EGT increase operations during which combustion temperature and hence NOx formation were reduced due to the most retarded combustion after TDC. Figure 18 provides an overall assessment of the potential of combined LIVC and iEGR strategy to achieve the best trade-off between the EGT, fuel consumption, and emissions. As shown in Figure 18 , the results of the optimum 'LIVC-only' and 'LIVC + iEGR' operations and baseline operation were compared.
It can be seen that 'LIVC-only' strategy could increase EGT by 52°C (31%) at the expense of a 5.3% penalty in fuel consumption. By combining LIVC and iEGR, EGT could be increased by 62°C (37%) with 4.6% fuel efficiency penalty and much lower HC and CO emissions than the 'LIVC-only' operation. Compared to the baseline operation, the soot emission was reduced substantially by LIVC operation with or without the iEGR, accompanied with a small decrease in NOx emissions.
Therefore, the combination of LIVC and iEGR was identified as the most effective means among the various technologies examined in this study to raising the EGT with lower engine-out emissions and minimum penalty in fuel consumption.
Conclusion
Experimental studies were carried out to explore different control strategies for increasing EGTs and analyse the impact on fuel consumption and emissions at a light load condition. The experiments were performed on a single-cylinder HD diesel engine with a common rail fuel injection system. The engine was equipped with a VVA system on the intake camshaft for the application of the LIVC strategy and the introduction of iEGR. The main findings can be summarized as follows:
1. Sufficient high EGT could be obtained by means of the LIVC, intake throttling, and iEGR strategies. Reduced diesel injection pressure and external EGR were not effective in increasing EGT. Retarded diesel injection timing could be used to raise EGT but at the expense of high penalty in fuel consumption. 2. The use of iEGR kept the specific emissions of NOx, HC, and CO as low as baseline case, but resulted in large increase in fuel consumption and more soot emission, because of higher pumping work and shorten ignition delay. 3. Throttling intake air flow was effective in increasing the EGT by 42°C due to reduced cylinder charge but accompanied with a 7.2% fuel consumption penalty and slightly higher NOx emission. 4. The application of LIVC enabled an increase in EGT by 52°C and lower NOx and soot emissions with small fuel consumption penalty of 5.3%. However, the lower combustion temperature led to large increase in HC and CO emissions and a lower combustion efficiency. 5. The combined use of LIVC and iEGR was identified as the most effective means among the various technologies examined in this study, increasing the EGT by 62°C with lower engine-out emissions and minimum penalty of 4.6% in fuel consumption.
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